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Protein microarrays to study carbohydrate-recognition events
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Abstract—In order to expand areas in which protein microarrays can be used to solve important biological problems, we have inves-
tigated ways in which the technique can be employed for functional glycomics. Initially, our protein microarrays were used for the
rapid identification of carbohydrate-binding proteins using trifunctional carbohydrate probes and fluorescent dye-labeled polysac-
charides. Glycan probes were selectively bound to the corresponding lectins immobilized on the solid surface. In addition, these
microarrays were also employed for profiling of carbohydrates on Jurkat T-cell surfaces. These cells adhered to ConA, RCA |,
SNA and WGA, indicating expression of a-Man, Gal, NeuNAca2,6Gal and GlcNAc residues on their surfaces. Furthermore,
we determined binding affinities between WGA and carbohydrates by measuring ICsq values of GlcNAc that inhibited 50% of
trivalent GlcNAc binding to WGA immobilized on the solid surface. All the experiments show that protein microarrays can be used

to study carbohydrate-recognition events in the field of glycomics.

© 2006 Elsevier Ltd. All rights reserved.

Functional studies of proteins revealed in the recently
completed genome sequence have been concentrated
on elucidating their biological functions and developing
novel pharmaceutical agents that interact with proteins
involved in disease-related physiological processes.
Among technologies developed for this purpose, the
protein microarray has received considerable attention
and emerged as a powerful tool for biological and
biomedical research.! This microarray technology has
been used to identify binding partners, such as proteins,
DNA, and small molecules, by analyzing protein—
protein, protein—-DNA, and protein—small molecule inter-
actions.” In addition, protein microarrays are employed
to analyze the biochemical activities of enzymes, such as
kinases or hydrolases, and to understand metabolic path-
ways.? These microarrays are also applied for profiling
disease markers or autoimmune responses by assessing
protein-antibody interactions in biomedical research.*
Furthermore, protein microarrays have been used for
high-throughput screening of inhibitors or activators.>

A major driving force behind the expanded use of pro-
tein microarrays is the development of new experimental
protocols in which they can be applied. A potentially
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important application of these microarrays is the rapid
identification of lectins found in the proteome, since
lectins are involved in a variety of physiological and
pathogenic process through their interactions with car-
bohydrates.® According to analysis of the human geno-
mic sequence, it is suggested that about 100 gene
products are lectins.” However, the carbohydrate-bind-
ing properties of only about half of these lectins have
been relatively well studied; the functions of the remain-
ing proteins in this family have not yet been elucidated.
Thus, it is urgent to identify these unknown lectins in or-
der to understand the biological implications of carbo-
hydrate—protein interactions and to help develop new
carbohydrate-based pharmaceutical agents. As de-
scribed below, we have applied protein microarrays for
the fast identification of proteins that bind to mono-,
di- or polysaccharides, and, importantly, for the detec-
tion of proteins that interact with mammalian cells.®?
In addition, we have used this microarray technology
for the rapid determination of binding affinities between
lectins and carbohydrates.

Protein microarrays used in this study were fabricated
by printing proteins on N-hydroxysuccinimide (NHS)-
derivatized glass slides. The epoxide-coated slides were
reacted with 4,7,10-trioxa-1,13-tridecanediamine.® The
resulting amine-modified slides were treated with suc-
cinic anhydride and subsequently NHS in the presence
of diisopropylcarbodiimide (DIC) to give NHS-coated
slides.
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Trifunctional probes that possess a carbohydrate ligand,
a fluorescent dye (Cy3), and a photoreactive benzophe-
none group were used to detect lectins on the protein
microarrays (Fig. 1). These probes were synthesized by
using a solid-phase methodology based on a safety-catch
strategy.!? The fluorescent dye (Cy3) was incorporated
into these probes in order to detect bound lectins and
the photoreactive benzophenone group was inserted to
promote covalent labeling of weakly bound proteins.
Since interactions between monovalent carbohydrates
and proteins are typically weak, trivalent carbohydrate
probes were also prepared to facilitate detection of
proteins immobilized on surfaces through cluster effects. !

Initial exploratory work was performed to optimize the
conditions for immobilization and binding of the
trifunctional probes to proteins. It was revealed that
protein microarrays irradiated after incubation with
the trifunctional probes exhibit stronger fluorescent
intensities than those that are not irradiated (Fig. 2).
Irradiation for 30 min is ideal for the strong binding
of the probes to proteins. However, longer irradiation
time (60 min) causes nonspecific interaction of the probe
with proteins. In addition, trivalent carbohydrate probes
have higher binding affinities than their monovalent
counterparts under both irradiation and non-irradiation
conditions. Furthermore, the use of 15-20 uM concen-
trations of proteins is sufficient to enable the efficient
binding of carbohydrates and 0.5-1.0 uM concentra-
tions of the probes result in good binding properties.

To demonstrate that protein microarrays, prepared by
using the procedure described above, can be used to rap-
idly identify carbohydrate-binding proteins, 20 proteins
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Figure 1. Structures of (a) mono- and (b) trivalent carbohydrate

probes for the detection of carbohydrate-binding proteins on protein
microarrays.
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Figure 2. Effects of immobilization concentrations of (a) WGA and (b)
AA on binding of Cy3-GlcNAc (0.5 uM) and Cy3-Fuc (0.5 uM)
probes, respectively (M, trivalent probes; @, monovalent probes; solid
line, irradiation for 30 min; dot line, non-irradiation).

(15 pM) were printed on NHS-coated slides by using a
pin-type microarrayer. The proteins include lectins
(A. aurantia (AA), ConA, RCA1»y, Sambucus nigra
(SNA), and wheat germ agglutinin (WGA)), proteases
(collagenase, pepsin, trypsin, and thrombin), glycosi-
dases (amylase, hyaluronase), phosphatases (alkaline
phosphatase, RNase A), kinases (myokinase), and
others (antithrombin, glutathione-S-transferase, insulin,
ovalbumin, penicillin G amidase, and streptavidin).
After incubation for 4 h at room temperature in a humid
chamber, the slides were blocked with BSA for 0.5 h.
The resulting slides were treated with trivalent Man,
Fuc, GlcNAc, and LacNAc probes (0.5 uM) and then
irradiated for 30 min at 4 °C. The results show that
ConA, AA, and WGA on the microarray selectively
interact with Man, Fuc and GIcNAc, respectively
(Fig. 3a—c), while the other proteins do not bind to these
carbohydrates.!! When the microarray was incubated
with a LacNAc probe, both RCA |, (a Gal-binding pro-
tein) and WGA interacted with this probe, which is con-
sistent with the previous results (Fig. 3d).!? As a control,

Figure 3. Fluorescence images of protein microarrays containing
twenty proteins incubated with (a) trivalent Cy3-Man (0.5 uM); (b)
trivalent Cy3-Fuc (0.5 uM); (c) trivalent Cy3-GlcNAc (0.5 uM); (d)
trivalent Cy3-LacNAc (0.5 uM); (e) trivalent probe (0.5-5 uM) with-
out a sugar moiety (S =H in Fig. 1b); (f) Cy3-mannan (100 pg/mL);
and (g) Cy3-heparin (100 pg/mL). 1, AA; 2, alkaline phosphatase; 3,
amylase; 4, antithrombin; 5, collagenase; 6, ConA; 7, glutathione-S-
transferase; 8, hyaluronase; 9, insulin; 10, myokinase; 11, ovalbumin;
12, pepsin; 13, penicillin-G-amidase; 14, RCA5j; 15, RNase A; 16,
streptavidin; 17, SNA; 18, trypsin; 19, WGA, and 20, thrombin.
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the protein microarray was treated with a trivalent
probe (0.5-5.0 uM) without a sugar moiety (S=H in
Fig. 1b) and then irradiated for 30 min. This probe did
not bind to the lectins, indicating that the carbohydrate
moieties in the probes are critical for lectin binding
(Fig. 3e).

This technique is also applicable for the identification of
polysaccharide-binding proteins. Fluorescent dye-
labeled polysaccharides required for this study were
obtained by reacting polysaccharides (mannan and hep-
arin) with Cy3-NHS in DMSO-pyridine or H,O. Prob-
ing the protein microarray with Cy3-labeled mannan
shows that mannan containing the highly branched
o-mannose interacts only with ConA (Fig. 3f). The pro-
tein microarrays were also exploited to detect glycos-
aminoglycan (GAG)-binding proteins. The protein
microarray probed with Cy3-labeled heparin shows
that this GAG interacts only with antithrombin, an
inhibitor of blood coagulation enzymes (Fig. 3g).!3 It
is important to note that more than one hundred pro-
teins have been reported to bind GAGs (e.g., hyaluron-
ic acid, heparin/heparin sulfate, chondroitin sulfate,
and keratin sulfate).'* Interactions of these proteins
with GAGs are involved in various physiological
processes such as homeostasis, cell growth, cell migra-
tion, and development. Therefore, the development of
protein microarrays for the detection of GAG-binding
proteins is a significant finding.

The applicability of the microarray technique to the
detection of proteins that interact with mammalian cells
was also probed. Jurkat T-cells were cultured in RPMI
1640, supplemented with 10% fetal bovine serum,
50 U/mL penicillin, and 50 pg/mL streptomycin, at
37°C. The cells were collected by centrifugation,
suspended in PBS or a culture medium, incubated with
SYTO 83 for 30 min for their labeling, and applied to
the microarray containing twenty proteins. Alternatively,
the suspended cells were poured onto the slide and then,
following washing to remove unbound cells, fixed by
treatment with 4% formaldehyde for 30 min. The cells
bound to the proteins on the slide were stained by 30-
min treatment with SYTO 83.

This exploration led to several important conclusions.
First, T-cells suspended in PBS bind to lectins more
tightly than those suspended in a culture medium.
Second, the cells stained after fixation with formalde-
hyde exhibit stronger fluorescent intensities than those
pre-incubated with the dye. It was also reported that
pre-incubation of CD4" human T-cells with a dye affect-
ed cell binding to carbohydrates on the carbohydrate ar-
rays.’¢ Third, T-cells adhere to ConA, RCA 5y, SNA,
and WGA but did not bind to other proteins. The bind-
ing results indicate that T-cells express a-Man, Gal,
NeuNAca2,6Gal, and GIcNAc residues on their surfac-
es, which is consistent with the previous results
(Fig. 4).1° In fact, it is known that certain lectins pro-
mote the transformation of cells from the resting states
to blast-like cells through their interactions with cell sur-
face carbohydrates. This subsequently leads to mitotic
division.'® Therefore, the discovery that an evaluation

Figure 4. Fluorescence images of protein microarrays (spotting
volume; 2nL) incubated with (a) 10® and (b) 107 Jurkat T-cells
followed by fixation and staining with SYTO 83. Microscopic images
of the cells bound to proteins on the microarrays after treatment with
(c) 10® and (d) 107 Jurkat T-cells.

of interactions between potent mitogenic lectins from
the proteome and cell surface carbohydrates can be per-
formed by using protein microarrays should serve as an
important contribution to the methods available for
advancing the understanding of cell growth and
development.

Finally, the use of protein microarrays for the rapid
determination of the binding affinities between lectins
and carbohydrates was investigated. This study was per-
formed by determining the concentration (ICsy) of
GIcNAc needed to inhibit 50% of trivalent GIcNAc
binding to WGA on the microarray under irradiation
and non-irradiation conditions. Slides containing micro-
spots of WGA were incubated with mixtures of a triva-
lent GIcNAc probe (0.5uM) containing various
concentrations (0.1-200 mM) of GIcNAc for 1 h. After
washing the slides to remove unbound probes, the
amount of a bound probe was quantitated by determin-
ing its fluorescent intensity. Alternatively, the incubated
slides were irradiated for 30 min and then the fluorescent
intensity was determined to analyze the amount of
bound probe. The ICs, values of GlcNAc that inhibited
50% of trivalent GIcNAc binding to WGA immobilized
on the solid surface were determined to be 7.9 and
17.0 mM under non-irradiation and irradiation condi-
tions, respectively (Fig. 5). The concentration of methyl
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Figure 5. Determination of concentrations (ICsg) of GlcNAc to inhibit
50% of trivalent GIcNAc binding to WGA on the protein microarray
under irradiation (M) and non-irradiation (@) conditions.
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B-GlcNAc to inhibit 50% of hemagglutination activity
of WGA was known to be about 10 mM.!” Thus, quan-
titative data obtained from protein microarrays are
comparable to those measured by other methods.

Protein microarrays prepared by immobilizing proteins
on the NHS-coated slides have been applied to the impor-
tant field of glycomics. The designed trifunctional probes
are suitable for detecting carbohydrate-binding proteins
on the protein microarrays. Recently, proteome micro-
arrays have been employed for several areas of biological
research. The present work suggests that proteome micro-
arrays could serve as a method to simultaneously identify
a number of unknown carbohydrate-binding proteins
from the proteome. Once unknown lectins are identified
in this way, their binding properties can be investigated
in a high-throughput manner using carbohydrate micro-
arrays. Thus, a cooperative dual-microarray technology
can be envisaged for studying biological processes associ-
ated with carbohydrate-protein interactions.
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